This article addresses the emerging technology of PET coupled with MRI, or PET/MRI, which could become the technology of choice in the future for many reasons. Some of these reasons will be discussed, along with a historical account of the field of MRI and how this modality has evolved to include many aspects of molecular and functional imaging. After reading this article, nuclear medicine technologists should be able to provide an overview of the history of MRI, discuss PET and how it is mainly used today melded to CT as PET/CT, discuss how MRI is used diagnostically, explain how PET technology and MRI technology are able to function simultaneously together as PET/MRI, discuss some issues concerning who will operate these new units, and discuss the possibility that PET/MRI could be the blended technology of choice in the future. In the beginning, there was a chemical identification technology known as nuclear magnetic resonance (NMR) spectroscopy. This technology was in the form of tabletop units, which were standard issue in research organic chemistry laboratories. Essentially, researchers discovered that by putting organic chemicals in a strong magnetic field, hydrogen atoms would orient themselves along the strong magnetic field. When this magnetic field was switched off, hydrogen atoms would relax back to their equilibrium state and in the process give off a radiofrequency energy signal. The energy or spectral signatures of these signals could identify them as coming from hydrogen atoms attached to different molecules. Overall, these energy spectra were the basis of NMR spectroscopy and gave scientists the ability to detect unique fingerprints for different chemicals.
In the beginning, there was a chemical identification technology known as nuclear magnetic resonance (NMR) spectroscopy. This technology was in the form of tabletop units, which were standard issue in research organic chemistry laboratories. Essentially, researchers discovered that by putting organic chemicals in a strong magnetic field, hydrogen atoms would orient themselves along the strong magnetic field. When this magnetic field was switched off, hydrogen atoms would relax back to their equilibrium state and in the process give off a radiofrequency energy signal. The energy or spectral signatures of these signals could identify them as coming from hydrogen atoms attached to different molecules. Overall, these energy spectra were the basis of NMR spectroscopy and gave scientists the ability to detect unique fingerprints for different chemicals.
In the 1970s, this same spectroscopic technology was expanded into the diagnostic imaging realm. Essentially, scientists developed the ability to apply the same NMR signal as is used in spectroscopy studies to a technology that was able to scan an entire organ system. This technology was first demonstrated in organic objects such as fruits and then in animal organ systems, and then it quickly was extended to humans.
The initial technologic challenge was to build instruments large enough to scan a human yet robust enough to maintain strong and stable magnetic fields over long periods. This challenge was finally met with the advent of magnets constructed with materials able to operate in the superconductive realm (i.e., the realm in which electrical energy loss due to resistive losses is near zero). In the early to mid 1980s, when NMR first emerged as a widespread clinical imaging modality, it originally fell under the domain of nuclear medicine technology as an offshoot of nuclear medicine. Additionally, the very first NMR technologists were nuclear medicine technologists. Furthermore, some of the more progressive nuclear medicine technology educational programs taught NMR physics and provided students with opportunities to experience clinical rotations in NMR. Unfortunately, once the modality began to mature and after Medicare began to reimburse for NMR procedures, many in the field of NMR realized that the word nuclear in the title was misleading the general public to believe ionizing radiation was being used as it was in nuclear medicine. Because this was not the case for NMR, the word nuclear was dropped from the title and thus the field of magnetic resonance imaging (MRI) was born.
Eventually, MRI broke away from nuclear medicine and became a separate imaging modality. The original role of nuclear medicine technologists faded as more radiologic technologists and more technologists who had been trained on the job entered the field. Interestingly, most recently, MRI is back to using the original spectroscopy technology on clinical machines whose first application was to identify unique biochemical signatures associated with disease states or conditions within the human body.
The recent introduction of PET/MRI technology is considered by many experts to be a major breakthrough that will potentially lead to a paradigm shift in health care and revolutionize clinical practice (1) . Since the introduction of SPECT/CT in 1998 and PET/CT in 2000, blended imaging devices have become the modality of choice for both the medical imaging and the research communities because of the unmatched levels of diagnostic information provided by these hybrids. Hybrid imaging devices complement each other by adding information that otherwise would not be available with individual stand-alone units (2) . Clinical results have shown that the combination of functional information (from PET) and anatomic structures (revealed by CT) into a single image provides an advanced diagnostic tool and research platform (3) . Although PET/CT is already an established clinical tool, it still bears some limitations. Even though CT measurements for PET attenuation correction greatly enhance image quality and reduce PET scanning time, they also tie up the CT scanner (i.e., if the PET/CT scanner is used diagnostically for both modalities or used part of the time as solely a CT scanner) and increase the overall radiation dose to the patient (4). Also, it is argued that the anatomic data of some organ systems and tissues derived from CT is not as complete as that which could be obtained with MRI, and the metabolic information that can be obtained with PET is enhanced by that which might be obtained with MRI, especially with functional MRI (fMRI) and MR spectroscopy (MRS) (2, 3) . These arguments have led to the recent development of combined PET/MRI units, which are being promoted as even better than PET/CT. The main purpose of this article is to examine the advantages and drawbacks of each technology while broaching the question of whether PET/MRI could potentially carve out a niche for itself as the future modality of choice in the field of molecular imaging.
PET
PET is a nuclear medicine imaging modality that uses g-rays produced by positrons annihilating with electrons. These positrons emitted from certain injected radionuclides or radiopharmaceuticals are used to determine the metabolic activity of living cells. The injected positron-emitting radionuclides usually have a short half-life and include 11 C (;20 min), 13 N (;10 min), 15 O (;2 min), and 18 F (;110 min), among others. As positrons travel through matter, they interact with electrons, resulting in an annihilation reaction that produces 2 pairs of 511-keV g-rays emitted simultaneously in nearly 180°opposing directions.
Inside the PET unit, hundreds of detector blocks made of scintillating materials such as bismuth germanium oxide, lutetium oxyorthosilicate, or gadolinium oxyorthosilicate are arranged in consecutive full or half rings surrounding the patient cylindrically, enabling the detection of many slices of coincidence data emerging from the patient at one time. The path between 2 detectors is referred to as a line of response (LOR). Each pair of detectors in the ring defines a possible emission path. The interval during which 2 annihilation photons must strike the detector in order to be considered in coincidence is typically 12-15 ns. Those coincidence events that fall outside this range consist usually of undesired random and scatter data and are rejected by the coincidence timing circuitry. Some modern, fast scintillators can accurately estimate the location of an annihilation event along the LOR by measuring the difference in the arrival times of the annihilation photons at the opposing detectors (time-of-flight camera). With time-offlight information, the annihilation point can be localized to a limited range within the LOR, whereas without time-offlight information, annihilation is assumed to be located with equal probability along the entire LOR. In the latter case, many intersecting LORs are needed for the precise 3-dimensional localization of the activity, whereas in the former detector types, this information is identified both within the LOR and by the intersecting LORs.
Often, toward the edges of the field of view of the gantry, penetration of 511-keV photons into the crystal ring blurs the measured position, because the detectors at the edge lie at an angle to some of the incident beams and have less material to stop the beam. The result is a spillover of the photon to the adjacent crystal at that angle, which may or may not stop that beam (Fig. 1) . These variations in the depth of interactions that can occur for a ray within the crystals at the edge, in comparison to those toward the center, is sometimes referred to as parallax error or radial elongation and can degrade the axial resolution at the edges of the field of view. Therefore, sources of radioactivity near the edges of the gantry ring tend to have poorer resolution (wider full width at half maximum) than do sources at the center.
When the 511-keV photons strike the scintillation crystal, they are absorbed within the crystal lattice and produce light photons that strike the photocathode of a photo- multiplier tube coupled to the crystal. A pulse is generated at the photomultiplier tube and then increased by an amplifier. The energy and spatial position of the signal are determined, and finally a count is recorded. When 2 such events are detected by a pair of opposing detectors simultaneously within the time window, a coincidence event is recorded. The total time required to complete these steps-from the striking of the crystal by the annihilation photon pair to its being recorded as an annihilation event-is defined as the dead time. During this time, the detection system is unable to process a second event arriving at the crystal, which will be lost. These losses (called dead-time loss) increase as the counting rate increases and can be a significant source of count loss for PET. Modern PET systems strive to minimize these count losses using faster scintillators (detectors with shorter scintillation decay times) and faster processing electronics.
Annihilation radiation may also undergo Compton scattering while passing through body tissues and can fall within the energy window of the pulse-height-analyzer setting for 511-keV photons, resulting in their undesired detection by a detector pair within the coincidence timing window. These scatter events can occur outside or inside the detector field of view. Scatter coincidences are caused when scattered photos are misdirected to false locations on the detector to form coincidence events, and random coincidences occur when 2 disintegrations occur within the timing window and 1 photon from each creates a false coincidence (Fig. 2) .
These scattered radiations can increase the image background, thus degrading image contrast. The scatter contribution increases with the density and depth of the body tissue, the density of the detector material, the activity administered, and the pulse-height-analyzer window width. Even though the pulse-height window cuts off a large fraction of the scattered radiation, a significant amount of scatter is still let in by the pulse-height analyzer. Additional scatter correction is provided by the introduction of thin septa into the field of view (2-dimensional acquisition). These septa act like collimators in g-camera systems, limiting and defining the direction and angular divergence of the incident photons ( Fig. 3 ) and reducing interplane scatter significantly, but, unlike the collimator of a g-camera, do not provide any additional spatial resolution. Two-dimensional acquisition can, however, result in lower overall counting sensitivity because of the significant number of events (scattered and some true) discarded by requiring longer acquisitions or higher injected dosages to compensate. An alternative to this impediment is to acquire counts without any septa (3-dimensional acquisition) ( Fig.  3) , an option that would increase the sensitivity significantly-the tradeoff being higher scatter and more random events detected. These disadvantages of 3-dimensional acquisitions are usually compensated using better reconstruction algorithms and rebinning techniques (data reformatted to resemble 2-dimensional data before reconstruction).
The 511-keV photons originating from different locations in the patient body are attenuated (lose energy) as they traverse different thicknesses of tissue to reach the detector pair in coincidence. Photon attenuation causes significant image nonuniformities due to the loss of coincidence events resulting from the 2 photons traversing different organs (with different attenuation coefficients) along the LOR and reaching the detectors outside the coincidence timing and pulse-height acceptance windows. Therefore, corrections must be made for this attenuation of photons in the body tissue to facilitate their inclusion as true coincidence events. In the transmission method for attenuation correction, 2 scans are obtained: a blank scan without the patient in the scanner (performed as part of daily quality assurance at the beginning of the day), and a transmission scan with the patient positioned in the scanner (transmission sources can be a set of long-lived 68 Ge rod sources or 137 Cs point sources). Correction factors are generated for each detector pair (i.e., each LOR) as in Equation 1.
where I 0 is the blank scan data, I is the measured transmission scan data, and m i and D i are, respectively, the linear attenuation coefficient and thickness of the number (i) of organs or tissues through which the photon travels. These factors are then applied to correct all individual LOR counts in the patient study data. The low-resolution rod source is replaced by the high-resolution CT scan in PET/CT units. PET noninvasively images the in vivo distribution of injected biomolecules (small molecules, peptides, antibodies, and nanoparticles) labeled with positron emitters. The high sensitivity of PET allows measurement of picomolar concentrations of labeled biomolecules. However, the spatial resolution of PET is limited by physical factors associated with positron physics (scatter, attenuation, and radial elongation) and by the difficulty of acquiring sufficient counting statistics (dead-time losses, 2-dimensional vs. 3-dimensional acquisition, and scatter correction techniques). Thus, PET images often lack definitive anatomic information, making interpretation of the precise location of radiotracer accumulation difficult (5).
MRI
MRI scanners have proven so clinically useful because the MRI signal has a greater information density than is available through any other imaging modality. MR images can use this increased information density to provide multiplanar high-spatial-resolution anatomic images with exquisite soft-tissue contrast (6,7). The information content in the clinical MRI signal is based on 5 components: the density of hydrogen molecules in a given tissue, the longitudinal or spin-lattice relaxation (T1) properties of a given tissue, the transverse or spin-spin relaxation (T2) properties of a given tissue, the chemical shift properties of the hydrogen molecules in a given tissue, and motion and flow phenomena. Each of these components will be briefly discussed below.
The first information component in the MRI signal is the density of hydrogen molecules, or proton density. The proton density in a given tissue is dependent on its concentration of various hydrogen-containing molecules. Clinically, the main hydrogen-containing molecules seen in MR images are associated with water and fat molecules. Furthermore, the density of hydrogen atoms in a particular tissue can be manipulated through the administration of various MRI contrast agents, such as gadolinium-based agents. Overall, the tissue proton density is the most basic form of contrast in a clinical MR image, is a result of the differences in water and fat concentrations in a given location, and can be affected by various pathologies and contrast agent administrations.
The second and third information components in the MRI signal are the T1 and T2 relaxation properties of a given tissue location. These relaxation properties are dependent on the chemical environments of the hydrogen atoms. For instance, hydrogen atoms attached to an oxygen molecule in water are in a significantly different chemical environment than are hydrogen atoms attached to carbon atoms on the fatty acid chains of triglyceride molecules in fat. These types of differences allow clinical MR images to easily differentiate between signals coming from water and those coming from fat and produce some of the most striking contrast difference in the images. Furthermore, more subtle chemical environmental changes can change the relaxation properties of hydrogen atoms even if they are on the same molecules (i.e., water molecules will have different T1s and T2s based on the type of tissue in which they are located). For instance, hydrogen atoms in the brain, gray matter, white matter, and cerebrospinal fluid will have different T1 and T2 relaxation properties based on the different chemical environments of these tissues. Overall, clinical MR images can exaggerate these differences during signal acquisition to produce images with striking contrast differences between different tissue types and between normal and abnormal tissues.
MRI contrast agents, such as gadolinium-based agents or iron-oxide nanoparticles, can also be administered intravenously to patients to affect tissue T1s and T2s (8) . Several laboratories are also developing targeted MRI contrast agents based on certain tissue metabolic properties (9) (10) (11) . Basically, these contrast agents confine themselves to the blood system and will alter the local magnetic fields around the paramagnetic gadolinium or iron-oxide particles. These altered local magnetic fields will in turn change the T1s and T2s of the tissues in which the contrast agent has been deposited and will cause an extreme tissue contrast difference in the resulting images. Clinically, examples of gadoliniumbased contrast agents are used to investigate areas of the brain where the blood-brain barrier has broken and in studies that investigate joints and the spinal system for areas of damage where pooling of blood may be suspected. Overall, the development of contrast agents and the enhanced manipulation of tissue contrast will be areas of future development, especially as molecular imaging studies are established on human MRI platforms.
A final and subtle set of tissue relaxation changes can be in the effect that intrinsic oxygenated blood can have on a local tissue environment. This effect is predominantly seen in brain studies and is referred to as blood oxygen leveldependent contrast changes. These changes are caused by the iron particles in the hemoglobin of oxygenated blood. As tissue is activated, the body increases the delivery of oxygenated blood to that location. Consequently, this increased oxygenated blood will bring increased amounts of iron to that tissue location, which in turn will alter the local magnetic fields around that activated tissue location. Overall, these blood oxygen level-dependent effects produce subtle changes in tissue relaxation properties that can be used to produce images with contrast related to the level of activation. This is the basis of fMRI image acquisitions. In research environments, fMRI is used to study a wide range of brain activation questions. An interesting area of current fMRI research is a set of studies looking at brain activation patterns in obese, overweight, and normal-weight individuals as they see and smell various types of foods.
Another
The fourth information component in the MRI signal is the chemical shift difference, which is based on chemical differences in molecular environments between various hydrogen-containing molecules. Chemical shift differences are the basis of the original NMR spectroscopy technology. Essentially, these differences will be seen in the MRS signals between hydrogen atoms on different chemical species and will produce different chemical signatures in the MRS signal. As an example, in the brain, hydrogen will have slightly different MRS signal properties on water, fat, N-acetylaspartate, creatine, choline, and various other neurotransmitters. Fortunately, during a clinical imaging acquisition, these chemical shift differences are small, compared with the voxel sizes used in our images today, and we have to worry about (and correct for) only the chemical shift differences between water and fat. However, these same chemical shift differences can be used to produce MRS images that represent the chemical composition of tissue noninvasively in clinical subjects (12, 13) . This information can also be used to acquire MRS data on large tissue volumes for a similar analysis of the chemical composition of a tissue. Overall, MRS allows the relative concentrations of certain abundant metabolites, and some drugs administered at mass levels, to be measured. Clinically, proton MRS is particularly useful in tumor studies and also offers information about neuronal integrity in neurodegenerative disorders (14, 15) . Unfortunately, one of the biggest drawbacks to MRS is its low molar sensitivity. This sensitivity for different intrinsic metabolites and tracers can be many orders of magnitude lower than that of PET, imposing significant restrictions on the kinds of targets that can be visualized with MRS. However, even with this limitation, future developments in MRS and MRS images are on the horizon as manufacturers and researchers develop stronger MRI magnets and better acquisition techniques. These future developments should allow clinicians the ability to noninvasively assess tissue biochemistry in select circumstances without the use of tissue biopsies.
The fifth information component in the MR signal is the motion and flow phenomena seen in the acquired signals. Overall, MR image acquisitions are based on the precise timing of hardware events. This requirement for precise timing makes MRI highly sensitive to flow and motion events in tissues and subjects. Clinically, these effects were considered a nuisance and classified as artifacts (e.g., ghosting artifacts, motion artifacts, and flow artifacts). However, over the past 20 years, clinical scientists have learned how to use this information to their advantage to produce images of these flow or motion events. For instance, the MRI signal can be acquired and processed to produce images of gross blood flow through the vascular system. These are referred to as MR angiography studies, or MRAs, and are seen in many of the main vascular systems in the body. The MRI signal can also be acquired and processed to produce images of blood flow through tissue capillary beds and are called MRI perfusion studies. These perfusion studies have been used in many of the main organ systems in the body (e.g., brain, heart, muscle, and liver). Another interesting MRI acquisition method is called diffusion imaging and used the flow sensitivity of the MRI signal to image the molecular motion of water at the cellular level. Diffusion imaging has been used mainly in stroke imaging to detect areas of increased water mobility where breakdowns of the blood-brain barrier or cellular death has occurred. This continues to be an area of fascinating future developments in clinical MRI and should provide many exciting technologic developments in the coming years.
In summary, the combination of high spatial resolution and exquisite tissue contrast differentiation allows the anatomic consequences (e.g., tumor growth, brain atrophy, and cardiac wall motion abnormalities) of many disease processes to be visualized in patients and in animal models. As stated previously, MRI techniques can be used to measure important physiologic tissue properties that are related to function as well as anatomic information. These functional tissue properties include tissue diffusion, tissue permeability, and changes in blood oxygenation levels after neuronal activation (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Overall, the MRI and MRS technologies should continue to prove extremely valuable in the clinical diagnosis and tracking of various disease processes. Upcoming developments such as the integration of PET with MRI technologies should only increase the clinical utility and value.
PET/MRI
Clear synergy exists between PET and MRI, because each can provide unique information not attainable with the other. For this reason, effort is under way for MRI and PET to be combined in clinical diagnostics and research. Of late, these modalities have been increasingly used in more basic biomedical research, particularly in efforts to understand the etiology and evolution of human diseases in appropriate animal models (commonly mice and rats) and in the preclinical evaluation of new therapeutic strategies, including small-molecule drugs, peptides and antibodies, cellular therapies, gene therapy, and nanoparticle-based therapies. In particular, these modalities can be used in combination to study both the pharmacokinetics and the pharmacodynamics of new therapeutics (5) .
In designing an integrated scanner for simultaneous PET and MRI, an obvious challenge relates to the ways in which the PET and MRI systems can interfere with each other. This interference has historically led to major artifacts or image degradation in both technologies. The primary concerns are electromagnetic interference and the effect of the main magnetic field of the MRI scanner on the detectors in the PET scanner. However, other more subtle effects that need to be considered include the induction of eddy currents, susceptibility artifacts, and an increase in temperature or vibrations induced by the running of MRI sequences. The traditional PET detectors (usually based on scintillators coupled to photomultiplier tubes) and associated electronics commonly used in PET scanners are highly sensitive to magnetic fields and contain conducting and radiofrequency radiating components that have the potential to interfere with the MRI system (5). Furthermore, the static main magnetic field of MRI prevents the use of classic photomultiplier tubes for radiation detection in PET. Consequently, the design of the PET components has to be fundamentally changed in order to merge the PET and MRI modalities into a single imaging system.
Many design configurations have been proposed to circumnavigate this issue. One early method was to use fiberoptic cables to transport the scintillation light from the detector crystals inside the magnet to photomultiplier tubes that reside outside the bore of the MRI scanner. Although this method led to proof-of-principle data, including a small number of animal studies, the performance of the PET scanner was poor, compared with that of standalone PET scanners, and the length of the optical fibers made the system cumbersome (5). Another design configuration was based on the use of detector readout technologies insensitive to magnetic fields. These readout technologies included avalanche photodiodes and, more recently, silicon photomultipliers (24) . Other proposed configurations include the use of novel split-magnet designs that provide space for a large number of PET detector modules, and the use of field-cycled MRI systems.
Recently, one of the major vendors married a PET insert to a 3-T MRI head scanner (25) , helping push the PET/MRI technologic development into the realm of human research settings. Prototypes are being installed in major U.S. and European institutions, with the possible extension to clinical whole-body PET/MRI in the future.
Until the recent introduction of PET/MRI hybrid technology, PET and MR images were acquired on separate imaging systems and typically coregistered using software that uses the information content of the image data (e.g., landmarks) or external fiducial markers that can be clearly identified in the 2 images (26). This approach works well in the brain, where the skull constrains movement and enables simple rigid-body registration methods (27) . However, the approach becomes more problematic in the thorax, abdomen, and pelvis, where tissues and organs deform on the basis of the position of the subject in the scanner, and where temporal changes such as emptying of stomach contents, movement of the food through the intestinal tract, and filling of the urinary bladder also confound registration. Deformable image registration techniques can be used, but their success is highly situation-dependent, and they are not generally robust in the presence of significant tissue movement between the 2 separate imaging studies. Simultaneous acquisition, therefore, would guarantee spatial registration of the 2 datasets (5). More crucially, sequential PET and MRI (as used in today's PET/CT systems) does not permit temporal correlation of PET and MRI studies. Biologic systems are inherently dynamic, and their response to drugs and contrast agents is strongly time-dependent. The biodistribution of most contrast agents and drugs exhibits changes of seconds to minutes. Thus, data must often be acquired simultaneously to ensure that a subject is being imaged in the same physiologic state and to correlate changes over time in the PET and MRI signals in response to an intervention (5) . In contrast to PET/CT, data acquisition with new hybrid PET/MRI scanners provides the option of real simultaneous studies.
A limitation of current PET/CT technology is that data are acquired sequentially rather than simultaneously (28) . Sequential scanning renders impractical an accurate temporal correlation of nonrepeatable functional in vivo processes-a major restriction of current-generation PET/CT scanners (29) .
Another aspect is patient motion. Trouble arises when the patient moves either voluntarily or involuntarily between or during the CT and PET data acquisitions. Motion might take place, for instance, if the patient changes position while lying on the scanner bed. Patient motion might also be due to respiration, cardiac motion, peristalsis, or bladder filling, any of which can lead to motion blurring or misregistration between PET and CT data (30) . To avoid respiratory motion-induced artifacts, one may use an adequate pulse sequence with breath holding. The mediastinal motion, if any, during simultaneous scanning will be mutual and in phase for both PET and MR images and will not affect image coregistration as much as when occurring out of phase in a serial PET/CT mismatch. In general, motion artifacts may be a larger issue in PET/CT than in PET/MRI. In small-animal studies, simultaneous scanning reduces time under anesthesia and enables scanning under identical physiologic conditions. The capability of instantaneous fusion of anatomic and functional data with PET/MRI (31) (32) (33) and simultaneous scanning will resolve many of the impediments that PET/CT currently faces in the precise coregistration of anatomomolecular information and in accurate attenuation correction. Figure 4 shows the essential steps of a typical PET/CT scan, demonstrating the degree of integration available in a modern dual-modality imaging system.
Image Acquisition Times
The scan duration of PET/MRI is anticipated to be similar to or slightly longer than that of PET/CT, depending on the MRI pulse sequence used (31) . This duration can, however, be achieved only if the design of the PET/MRI scanner allows for concurrent rather than sequential data acquisition, as is the case with PET/CT. It is anticipated that the development of concurrent scanning technology will be able to keep the scan duration with PET/MRI comparable to that of sequential scanning with PET/CT. In any case, shorter scan times both improve patient comfort and reduce the time during which patient motion can occur, as well as increase patient throughput and thereby boost system use and improve cost-effectiveness.
Attenuation Correction
In comparison to CT, MRI produces anatomic images from which it is more difficult to derive maps for attenuation correction of the PET emission data. However, some solutions do exist as demonstrated by a proof of concept for using segmented MRI-guided attenuation compensation in brain PET (34) , and plenty of opportunities remain for creative advances in MRI-guided attenuation correction in whole-body PET Use of MRI for attenuation correction, although challenging, is also presumably feasible as has been shown at least for brain imaging (34, 35) .
Absorbed Dose
One area in which PET/MRI has a clear advantage over PET/CT is lower exposure of patients to radiation. This advantage should, by itself, be sufficient to predict that PET/MRI could replace PET/CT. PET/CT delivers a high absorbed radiation dose, compared with the dose from a regular chest radiograph. There is some concern that multiple studies on pediatric patients could lead to an accumulated dose approaching levels (1 Sv) that can produce late, chronic effects, such as possible leukemia induction (36) . Because MRI does not use any ionizing radiation, it can conceivably be used without restrictions in serial studies, in children, and in many other situations in which radiation exposure could be a concern.
Anatomic Information
MRI yields unique morphologic and functional information unobtainable by other imaging modalities. High-field MRI generates high-resolution anatomic and structural images offering better soft-tissue contrast resolution and a large variety of tissue contrasts, compared with CT (2)
Functional Information
In addition to offering a diversity of tissue contrasts, MRI provides a wealth of additional information through fMRI and MRS to enhance the diagnostic performance and quantitative capabilities of PET and help improve patient management and the understanding of tumor biology (37, 38) . PET/MRI allows for fMRI, thus enabling temporal correlation of blood flow with metabolism or receptor expression in brain studies and, more importantly, is capable of assessing flow, diffusion, perfusion, and cardiac motion in a single examination. MRI can be combined with MRS to measure spatially matched regional biochemical content and to assess metabolic status or the presence of neoplasia and other diseases in specific tissue regions (2) . In comparison to the MRI capability of augmenting PET functional attributes, because of its low sensitivity, perfusion is the only in vivo functional information provided by CT in contrast-enhanced studies.
Cost
The question of how much a hybrid PET/MRI scanner will cost has yet to be answered. It is known that a dedicated PET scanner costs somewhere between $700,000 and $1 million. Because PET/CT scanners have been developed and have proven to be as efficient as and more diagnostically relevant than PET units alone, the purchase of dedicated PET scanners is becoming a thing of the past. The average price of a PET/CT scanner is $1.5 million, but prices can go up to as high as $2.5 million. MRI machines cost at least $1.2 million.
Even though the price of the PET/MRI scanner has yet to be determined, it can be inferred from the prices of other diagnostic imaging machines that the cost will be a few million dollars. It is predicted that a PET/MRI scanner will cost more than a PET/CT scanner did when it was the latest hybrid machine. Of course, this estimate is based on current trends in the industry and is subject to variability and issues of reimbursement as well as future market trends.
Clinical Considerations
18 F-FDG PET has already had a huge valuable outcome on cancer treatment, and its use in clinical oncology practice continues to develop (39, 40) . PET/CT is currently used mainly for whole-body oncologic evaluation, an application comprising most of the reimbursable indications for PET/CT (41) . A PET/CT scan gives radiation therapists a more accurate anatomic reference point for intensitymodulated radiotherapy procedures, telling them the functional size and shape of a tumor and showing them precisely where to target the beam of radiation. This knowledge ensures that the tumor receives the maximum amount of radiation while the healthy tissue surrounding the tumor is spared (42) .
To replace PET/CT, PET/MRI should be able to provide a better alternative, particularly in whole-body imaging.
Is PET/CT unanimously recognized as the standard imaging technology for clinical oncology? One should bear in mind that this issue is still controversial, since many investigators claim that PET/CT has a limited role in many indications, including lymphomas, lung nodules, and brain tumors (28) . Time will dictate whether PET/MRI will influence the standard for future PET instrumentation, which is poised to advance molecular imaging and influence clinical and research practice.
Reimbursement Issues
Reimbursement issues are driven mainly by prospective clinical studies that demonstrate improvements in health outcomes conveyed by an imaging modality for a given indication. Therefore, given the higher soft-tissue contrast resolution of MRI and the fact that it has the highest sensitivity and specificity for many indications (e.g., detection of liver metastases) (31), coverage for PET scans is expected to be expanded.
PRACTICE CONSIDERATIONS
In practice, running a PET/CT scanner in a clinical environment to the uppermost diagnostic standards is not straightforward. Translating the experience and know-how gained in radiology to a nuclear medicine department and vice versa is not that easy because of the controversies surrounding PET/CT and the existing territorial and protective practices in health care facilities. Careful patient preparation and positioning are key elements of the long chain of data acquisition and processing protocols and require extensive training of the technologists operating the scanner to minimize artifacts and reduce interpretative pitfalls.
Licensure laws for imaging technologists vary from state to state. Currently, 38 states fully or partially license radiographers and 21 states fully or partially license nuclear medicine technologists (43) . Licensure is designed to protect the public by ensuring that only qualified individuals engage in a given occupation or profession. State licensure of radiologic technologists and nuclear medicine technologists ensures that these individuals possess a basic level of education, knowledge, and skill. However, many of the state licensure laws are not prepared to deal with personnel who use dual ionizing radiation (SPECT/CT and PET/CT) equipment. For example, some states require that people operating PET/CT equipment possess dual certification in nuclear medicine and radiography-a very rare type of individual in some areas of the country. If a dually certified individual is not available, then these states require that 2 technologists be present to operate the PET/CT equipment-one who is licensed in nuclear medicine to perform the PET portion of the examination and one who is licensed in radiography to perform the CT portion of the examination. Requiring that technologists possess dual certification or that 2 technologists be present for PET/CT examinations could limit patient access to such valuable hybrid technology (44). Combining PET with MRI may be a natural answer to this dilemma.
CONCLUSION
It is interesting to look at the history of NMR and its origins within nuclear medicine technology and how it now may come around full circle back into the field. This overview of PET/MRI technology has discussed the history of NMR and the development of MRI today, outlined the differences between PET/CT and PET/MRI hybrid technology, and discussed some unique characteristics of PET/ MRI that may lead to its being the technology of choice in the future. Over the next 5 to 10 years, it will be interesting to see whether PET/MRI will replace PET/CT or whether PET/MRI will fade away as just another imaging technology that had potential but was never totally embraced clinically. PET/MRI appears to have more pros than cons and could become the melded modality of choice in the future, but time will tell the fate of this technology.
